Intronic in situ hybridization methodology provides a means of determining the rate of gene transcription under basal and stimulated conditions. In the present study, we have used intronic in situ hybridization to the corticotropin-releasing factor (CRF) gene to measure hypothalamic CRF gene transcription after stress as well as its modulation by glucocorticoids. Using this and conventional exonic in situ hybridization we examined the time course of changes in c-fos mRNA, and CRF heteronuclear RNA (hnRNA) and mRNA concentrations in the paraventricular nucleus (PVN) of male Wistar rats after restraint stress. In addition, we determined the effects of adrenalectomy and dexamethasone administration on c-fos and CRF gene expression in the PVN. Restraint stress induced a rapid induction (within 5 min) of c-fos mRNA and CRF hnRNA expression in the PVN. Both RNA concentrations peaked at 30 min then decreased and were undetectable 2 h after stress onset. In contrast, the concentration of CRF mRNA increased gradually and a significant elevation was first detected 60 min after the beginning of stress. Adrenalectomy augmented and dexamethasone pretreatment inhibited c-fos mRNA, CRF hnRNA, and mRNA induction after stress. The data suggest that stress-induced activation of neurons, CRF gene transcription, and CRF synthesis in the PVN are modulated by glucocorticoids. (J. CliH. Invest. 1995. 96:231-238.)
Introduction
The 41-residue peptide corticotropin-releasing factor (CRF)' is known to be the principal hypophysiotropic factor stimulating stress-induced ACTH secretion (1) (2) (3) . CRF mRNA and pep-tide expression in parvocellular neurosecretory neurons is negatively regulated by glucocorticoids (4-6) and positively regulated by stress (6) (7) (8) (9) . Although many in vitro studies have examined the role of glucocorticoids on CRF gene transcription and mRNA concentrations (10) (11) (12) , whole animal studies are important to establish the overall integrated hypothalamo-pituitary-adrenal (HPA) axis response to glucocorticoids. Indeed, the effect of stress on the transcriptional regulation of CRF gene is presently unknown, although observations that hypothalamic CRF mRNA concentrations are increased after stressful stimulations, such as hypertonic saline injection (7) , footshock stress (6) , streptococcal cell-wall-induced arthritis (8) , restraint stress (9) , and cold stress (9) , have suggested that stress activates CRF gene transcription. However, posttranscriptional mechanisms including RNA splicing, stability of heteronuclear RNA (hnRNA) and/or mRNA, and mRNA transport from the nucleus represent additional or alternate mechanisms for the control of eukaryote gene expression (13) . In addition, cytoplasmic mRNA appears to be regulated by degradation (e.g., poly-A tail length) (14) (15) (16) . Stimulus-induced changes in mRNA concentrations are thus difficult to interpret.
In situ hybridization of cellular mRNAs provides a means of quantifying and localizing of gene expression in individual neurons. However, due to the relatively slow time course of changes in cytoplasmic mRNA concentrations and to their large pool, rapid alterations after stimulation have not been detected. In most cases, only 1.5-to 2-fold increases in CRF mRNA concentrations have been detected several hours after stress (7) (8) (9) 17) . Semiquantitative in situ hybridization for mRNA is therefore particularly well suited to studies of long-term mRNA regulation rather than rapid changes during physiological or pharmacological challenges. Although the activity of neurons and secretory changes observed after stress are abrupt, the dynamic response of paraventricular nucleus (PVN) neurons to stimulation is less well understood. Given its rapid processing and turnover rate, the concentration of hnRNA (primary transcripts), should reflect the rate of gene transcription. Eukaryotic hnRNAs transcribed by RNA polymerase II are usually rapidly processed to mature mRNAs in the nucleus, which appear in the cytoplasm within 15 to 30 min after transcriptional activation (18, 19) . Intronic in situ hybridization has been used to detect rapid alterations in proopiomelanocortin (20, 21) and vasopressin gene transcription (22, 23) (24) , have recently demonstrated that CRF hnRNA levels rap-tial problems of intronic in situ hybridization is that splicing of introns from multiple-intron genes may occur at different rates, resulting in relatively stable intermediates. Since the CRF gene possesses only a single intron (25) , detection of changes in CRF hnRNA can be interpreted as changes in gene transcription.
Expression of the protooncogene c-fos has been validated as a cellular marker of neural systems activated by a variety of extracellular stimuli (26) (27) (28) . c-fos has been particularly useful in examining the activation of neuroendocrine responses to stressful stimuli (17, 29, 30) . Thus, the combination of in situ analysis of c-fos mRNA and hnRNA expression in the same animals provides a means of detecting rapid stimulus-induced changes in gene transcription, i.e., stimulus transcription coupling, in individual neurons in vivo.
In this paper, using semiquantitative in situ hybridization with probes complementary to a potion of an intronic and exonic sequence of the rat CRF gene combined with data on c-fos expression as a metabolic marker of cellular activation, we studied the time course of changes in c-fos, CRF hnRNA and mRNA expression in the PVN after acute restraint stress, and then examined the effect of glucocorticoids on stimulus transcription coupling in PVN neurons in vivo.
Methods
Adult male Wistar albino rats (200-250 grams) were used in all experiments. The animals were housed three per cage in a room with controlled temperature and a fixed lighting schedule (lights on from 8:00 a.m. to 8:00 p.m). Food and water were given ad lib. Six rats per group were examined. All of following experimental protocols were approved by the animal committee of the Tokyo Women's Medical College, Tokyo, Japan.
Time course of expression of c-fos mRNA, CRF hnRNA, and mRNA after stress. The rats were placed in a restraint cage (Natume, Tokyo, Japan) for 30 min and then killed before and 5, 10, 15, 30, 60, 120 min after the beginning of stress. For measuring plasma ACTH and corticosterone, rats in a separate group were decapitated at the same intervals after the beginning of stress. Trunk blood was collected on ice in plastic tubes containing EDTA, centrifuged (3,000 rpm for 20 min at 4TC), and the plasma was frozen at -20'C until assayed.
Effect of adrenalectomy (ADX) on c-fos mRNA, CRF hnRNA, and mRNA after stress. ADX was performed through a dorsal incision under sodium pentobarbital (50 mg/kg, intraperitoneally) anesthesia. On return to their cages, the animals had free access to normal saline. 1 wk after the operation, the rats were exposed to restraint stress for 30 min and killed at the end of the stress. Sham operation was performed by manipulating the animal in the same manner but without removing the adrenal gland, and these animals were used as controls. ADX and sham rats were also killed without stress (nonstressed group). To determine the efficacy of ADX, 2 ml of blood was collected through cardiac puncture for measuring plasma ACTH and corticosterone, at the time of transcardiac perfusion.
Effect of dexamethasone on c-fos mRNA, CRF hnRNA, and mRNA expression after stress. 2 mg/kg dexamethasone sodium phosphate (Decadron, dissolved in sterile water, pH 7.0-8.5, osmolarity is as same as normal saline; Banyu, Japan) or normal saline was injected intraperitoneally to the rats 1 h before the 30-min restraint stress, and the rats were then killed. The rats with either dexamethasone or saline injection without stress were also included in this experiment. They were perfused 90 min after saline or dexamethasone injection. The blood was collected in a same manner as above to determine plasma levels of ACTH and corticosterone.
In situ hybridization
Rats were deeply anesthetized with pentobarbital and perfused with icecold 4% paraformaldehyde in a pH 9.5 0.1 M borate buffer (31 (32) . This system digitizes the continuous range of image gray shades into 256 discrete gray levels, in which the lower values are given to the darker group. The levels obtained were converted to relative optical densities (ROD) using the formula: ROD = logl0 (256/levels). The optical densities of areas of interest were measured bilaterally on at least two sections from each subject. The ROD within the window was measured and the background was assessed by measuring ROD with the window placed over another area of the brain in which no c-fos, CRF mRNA, or CRF hnRNA expression was detected. Values are presented as the mean±SEM. Statistical analysis was performed by analysis of variance followed by Duncan's multiple range test. A P < 0.05 was considered significant.
Results
The localization of hybridization signals for intronic and exonic CRF probes 30 min after stress is shown in Fig. 1 . Autoradio- grams showed that both CRF mRNA and hnRNA were distributed predominantly in the parvocellular division of the PVN. Considerably longer exposure times (18 d) were required with CRF intronic probes for detectable autoradiographic signals on x-ray films than with the CRF exonic probes (5 d). Neither sense-stranded controls nor sections preincubated with RNase A (10 4g/ml at 370C for 30 min) before hybridization with the antisense CRF intronic probe showed any positive signal (Fig.  2, b and c) , demonstrating the specificity of the in situ hybrid-C ization probe used. High power views of single PVN cells expressing CRF mRNA and hnRNA are shown in Fig. 3 . The majority of silver grains were localized over the cytoplasm when sections through the hypothalamus were hybridized with CRF exonic probes. In contrast, silver grains were specifically localized over the nuclei of neurons in the PVN after hybridization with the CRF intronic probe. Thus, the autoradiographic signal obtained with CRF intronic probes appears to result from specific hybridization to primary transcripts of the CRF gene CRF hnRNA and c-fos mRNA showed rapid changes over a similar time course after stress. Only a few scattered cells in the PVN were labeled with CRF intronic and c-fos cRNA probes before stress (Fig. 4) . However, as early as 5 min after restraint stress, increases in CRF hnRNA and c-fos mRNA concentrations were clearly visualized (Fig. 4) . The intensity of the signal peaked at 30 min, then declined and was virtually undetectable 120 min after stress onset (Fig. 4) . CRF mRNA, which was constituently expressed in the PVN, remained unchanged during the first 30 min after stress, but increased at the 60 min time point (Fig. 4, right) . Assay of plasma ACTH and corticosterone concentrations revealed a predictable time course of hormone changes in response to acute restraint stress. There was a significant overall effect of treatment on plasma ACTH and corticosterone levels after 5, 10, 15, 30, and 60 min of the onset of stress. Interestingly, densitometric analysis showed a quite similar time course changes in CRF hnRNA and c-fos mRNA concentrations and plasma ACTH and corticosterone in response to stress. CRF hnRNA and c-fos mRNA increased significantly at 5 min time point, reaching their peak values at the 30 min time point, after which the levels of both RNAs gradually declined, returning to basal levels by 120 min after the onset of stress (Fig. 5 , ROD of CRF hnRNA at 30 min 0.049±0.011, P < 0.0001 vs those at 0 min; ROD of c-fos mRNA at 30 min 0.234±0.020, P < 0.0001 vs those at 0 min). In contrast, cytoplasmic CRF mRNA concentrations were unchanged until 60 min after the onset of stress (Fig. 5) . A significant increase in CRF mRNA was first detected 60 min after the beginning of stress (Fig. 5 , ROD of CRF mRNA at 60 min, 0.148±0.015, P < 0.05 vs those at 0 min). The effect of adrenalectomy on plasma levels of ACTH and corticosterone, and CRF hnRNA, c-fos, and CRF mRNA expression in the PVN are summarized in Fig. 6 . ADX significantly increased both basal and stress-induced secretion of ACTH (Fig. 6, top) . In ADX animals, corticosterone was undetectable in both nonstressed and stressed groups. This confirmed the efficacy of the surgery. In nonstressed animals, c-fos mRNA and CRF hnRNA were virtually undetectable in the PVN in both sham-operated and ADX rats, while CRF mRNA was significantly increased 1 wk after ADX, when compared to sham animals ( Fig. 6, bottom) . CRF hnRNA and c-fos mRNA in the PVN of stressed rats were significantly augmented in ADX animals compared to the sham group (Fig. 6 , ROD of CRF hnRNA: sham 0.021±0.005, ADX 0.050±0.005, P < 0.005; ROD of c-fos mRNA: sham 0.128±0.021, ADX 0.200±0.019, P < 0.005). The CRF mRNA level was also significantly higher in ADX animal than that in the sham group. CRF mRNA did not significantly increase at the 30-min time point after stress in either ADX or sham rats as described in Fig. 5 (Fig. 6 , ROD of CRF mRNA: sham 0.118±0.017, ADX 0.237+0.013, P < 0.005).
In the next series of experiments, the effect of dexamethasone was examined. Dexamethasone injection significantly de- creased basal ACTH and corticosterone secretion (Fig. 7, top) . Basal CRF hnRNA was undetectable in nonstressed animals (Fig. 7, bottom) . Basal c-fos mRNA was detectable in the saline-injected group, probably due to the mild stress of the procedure, and this was also inhibited by dexamethasone (Fig. 7) . Basal CRF mRNA was slightly decreased by dexamethasone treatment, although this change was not statistically significant (Fig. 7) . Dexamethasone injection significantly decreased ACTH and corticosterone levels (Fig. 7, top Figure 7 . Effect of dexamethasone on plasma ACTH and corticosterone levels (top), and CRF hnRNA, c-fos mRNA, and CRF mRNA expression ip the PVN (bottom) in nonstressed and stressed (30 min after stress onset) animals. Results, expressed as ROD, are the mean±SEM of six animals for each group. * P < 0.005 vs saline-injected group. The plasma ACTH and corticosterone concentrations, and CRF hnRNA and c-fos mRNA levels were significantly higher in stressed animals than in nonstressed animals (P < 0.005). Expression of the c-fos protooncogene is rapidly and temporally activated in a variety of mammalian cell types by a diverse set of stimuli (26) . Specific electrical, sensory, noxious, and stressful stimuli have been reported to induce fos expression in discrete brain regions known to be neuroanatomical targets for such stimuli (26) (27) (28) (29) (30) . Thus, c-fos mRNA and fos protein expression can be used for metabolic mapping at the cellular level. We have previously reported that early induction of cfos precedes increased expression of CRF mRNA in the PVN after stress (17). Interestingly, the time course of changes in CRF hnRNA expression in response to stress was quite similar to changes in c-fos mRNA expression. A significant induction in both CRF hnRNA and c-fos mRNA was transiently observed 5 min after the onset of stress, after which the levels of both RNAs peaked at the 30-min time point, then declined and almost disappeared by 2 h. This may reflect rapid processing and turnover of the primary transcript in the nucleus such as that of proopiomelanocortin hnRNA, which has a half-life significantly less than 30 min (20) . The rapid stimulus transcription coupling in PVN neurons in vivo may reflect the activation of second messenger pathways such as the cAMP pathway, which are involved in CRF gene transcription. This possibility is supported by the presence of a cAMP responsive element on the CRF gene (33) . In contrast to CRF hnRNA, significant changes in CRF mRNA concentrations were not seen until 60 min, consistent with previous studies showing a lag time of several hours between stress and changes in CRF mRNA levels (7) (8) (9) 17 gers" in response to stress and directly control the activity of target genes responsible for the biochemical and morphological changes that develop later in neuronal physiology.
The potent inhibitory effects of adrenal glucocorticoids on CRF biosynthesis and release from the hypothalamus have been well documented (34, 35) , Acute administration of dexamethasone has been found to significantly inhibit CRF mRNA accumulation in the PVN after stress (36, 37) . Dexamethasone also has been found to reduce CRF mRNA concentrations by > 90% in a human primary liver carcinoma cell line (NPLC) which endogenously expresses the CRF gene (12 (38) . However, indirect routes, such as those mediated via the hippocampus might be involved in glucocorticoid-induced CRF gene suppression. By contrast, dexamethasone inhibited CRF mRNA accumulation 30 min after stress. This reflects the late changes in CRF mRNA after the inhibition of stress-induced CRF gene transcription by dexamethasone.
Conversely, it has been reported that ADX is accompanied by large increases in CRF mRNA in the PVN and by significant elevations in the levels of hypothalamic CRF (5, 6 ). In the current study, we found that stress-induced alterations in both CRF hnRNA and c-fos expression were significantly increased in ADX rats compared to sham-operated animals. This indicates that ADX augments both stress-induced cellular activation and CRF gene transcription in the PVN. This is consistent with a previous report by Herman et al. (24) , in which both CRF hnRNA and c-fos mRNA expression increased markedly 15- 30 min after metyrapone injection, a substance which inhibits the conversion of 1 1-deoxycorticosterone to corticosterone and, thereby, rapidly depletes glucocorticoids. The increases we observed in CRF hnRNA and c-fos mRNA levels in ADX rats were associated with an increase in cytoplasmic CRF mRNA levels in the PVN, as previously reported by others (39). Both CRF hnRNA and c-fos mRNA were undetectable in the PVN in nonstressed ADX animals whose CRF production and release are thought to be increased. Although acute glucocorticoid removal has been reported to increase CRF hnRNA and c-fos mRNA (24) , the induction of these RNAs appeared to be transient. Consistent with this interpretation, Bacon and Sawchenko did not find elevated level of c-fos in the PVN a week after ADX using a specific c-fos antisera (40) .
Phorbol ester increases CRF mRNA levels in primary cultures of rat hypothalamic cells (41) as well as NPLC cells (42) . The proximal 0.9-kb 5' flanking the human CRF gene confer AP-1 inducibility to a CAT reporter in transient expression assays (43) . In the absence of a clearly discernible perfect AP-1 site in this region, it has been suggested that the cAMP responsive element of the CRF promoter may elicit AP-1-like responses. Further upstream into the 5 '-flanking region of human CRF gene, eight perfect consensus AP-1 binding sites have been detected (44) . The functionality of these sites and their physiological role remain to be determined.
In summary, the current study demonstrates the regulation of CRF gene expression, CRF biosynthesis, and cellular activity by stress and glucocorticoids in the PVN. The use of an intronspecific probe allowed us to follow time-dependent changes in CRF primary transcripts in vivo in the PVN after stress, and demonstrated rapid alterations in CRF gene transcription coincident with activation of c-fos mRNA expression and followed by CRF mRNA accumulation in the PVN in response to stress. Exogenous administration of glucocorticoids down-regulated and adrenalectomy up-regulated neuronal activity and CRF gene transcription after stress in the PVN. Thus, glucocorticoids modulate cellular activity and CRF gene expression in PVN neurons during acute stress.
